Background Nepal launched a visceral leishmaniasis (also known as kala-azar) elimination initiative in 2005. We primarily aimed to assess whether transmission of Leishmania donovani had decreased since the launch of the initiative. We also assessed the validity of the direct agglutination test (DAT) as a marker of infection, in view of future surveillance systems.
Introduction
Visceral leishmaniasis, or kala-azar, is a vector-borne disease, which is lethal in nearly all cases if untreated. An estimated 50 000-90 000 new cases occur annually worldwide, with more than 95% of cases in 2017 occurring in just ten countries, including Bangladesh, India, and Nepal-all three belonging to the Indian subcontinent. 1 In 2005, the governments of Bangladesh, India, and Nepal launched an initiative to eliminate vis ceral leishmaniasis as a public health problem from the region (the kala-azar elimination initiative), aiming to reduce the disease incidence to less than one visceral leishmaniasis case per 10 000 population at the sub-district or district level per year. The elimination strategy in the region is mainly based on improved case management, effective disease surveillance, and integrated vector control, with countryspecific emphasis on different aspects of these activities.
Nepal was the first country to reach the targeted threshold in each of its endemic districts in 2013.
However, this threshold was surpassed in one (supposedly non-endemic) district in 2017, and the disease is now observed in an increasing number of districts hitherto considered to be non-endemic. WHO has therefore not yet been able to validate the achievement of visceral leishmaniasis elimination as a public health problem in Nepal.
So far, the country-reported visceral leishmaniasis incidence is the only parameter used to assess the impact of the elimination initiative. These reported case numbers are highly susceptible to changes in the efforts made for case detection and surveillance. Moreover, efforts tend to fluctuate, especially in the period closer to elimination as international and national support dwindles in the face of competing health priorities. Also, the vast majority of infections do not result in overt clinical disease but will remain asymptomatic. 2 Monitoring of transmission through infection rather than disease incidence-as is already being done for several other infectious diseases such as malaria, tuberculosis, and schistosomiasis-could therefore be a powerful tool to detect changes in transmission earlier on, and corroborate (or not) any claims made about downward trends in disease incidence. [3] [4] [5] [6] If there was a true decrease in transmission of Leishmania donovani in Nepal between 2006 and 2016, this decrease should be reflected in a substantial reduction or even absence of infection in those born after the start of the elimination initiative in 2005 (ie, in the children who were younger than 10 years old in 2016).
Correctly defining individuals who are infected, however, is not straightforward in the case of leishmaniasis. There are several tests available to identify L donovani infection, but none of these tests are suitable as a single compre hensive marker of infection. 2 To assess a difference over time, repeated measures of a single test can be assumed to be indicative. In the Indian subcontinent, the serological direct agglutination test (DAT) has been widely validated as a marker of disease, and has proven its use in several large-scale field surveys to document infection prevalence and incidence.
In this study, we compared the prevalence of L donovani infection as measured with the DAT in the baseline survey between Nov 10, 2006, and March 30, 2007, 7 with that in the revisit between Oct 17, 2016, and Dec 26, 2016, among communities exposed to heavy transmission at the start of the elimination initiative in 2005. We used the archived data from a serosurvey we did in 2006, 7 and replicated this serosurvey in 2016 in the same communities, 10 years after the launch of the kala-azar elimination initiative. The aim of the research in 2016 was to contribute to an evaluation of the elimination initiative and to guide future serosurveillance efforts for monitoring of transmission.
Methods

Study design and participants
In 2016, we did a repeat study using data from three districts of the visceral leishmaniasis endemic region of Terai in southeastern Nepal. All consenting individuals aged 2 years and older were included in the study. Between 2006 and 2009, the same research team did a cluster-randomised trial (Kalanet) 7 in ten purposefully selected highly endemic communities (clusters, corresponding to a subunit of a village development committee, the smallest administrative unit in Nepal, and identified with the codes C51 to C60). The communities had a mean visceral leishmaniasis incidence in 2003-05 of 0·8% or more per person-year. The Kalanet trial aimed to evaluate the effectiveness of long-lasting insecticidal bednets on the incidence of visceral leishmaniasis. The primary endpoint used in the trial was incidence of L donovani infection as measured by serology (DAT). Three crosssectional surveys were done with 1-year inter vals, but no difference was observed in visceral leish maniasis incidence and seroconversion rates comparing clusters with and without long-lasting insecticidal bednets. 7 Further details regarding methods and outcomes of this study have been published previously. [6] [7] [8] [9] In 2016, 10 years after the baseline serosurvey was done for the 2006 Kalanet trial, we replicated the baseline survey in the same communities in eastern Nepal (Kalanet revisit survey) in the same season (October to December, 2016). However, we included only eight of the ten original trial clusters (C51-C53 and C56-C60), as for two semi-urban clusters within Dharan city (C54 and C55) we anticipated too much in-and-out migration over the past decade to make a meaningful interpretation
Research in context
Evidence before this study We searched PubMed during the protocol writing process between Feb 1, 2016, and Aug 23, 2016, for any articles related to "leishmaniasis" and either "transmission", "epidemiology", "serology", or "surveillance". Additional background information was sought through references of the retrieved papers. Since the start of the visceral leishmaniasis elimination initiative on the Indian subcontinent in 2005, the caseload of the disease in the Indian subcontinent has reduced substantially, from 41 000 in 2005 to 6746 in 2016, according to WHO. However, as asymptomatic infection has been shown to outnumber incident visceral leishmaniasis by a factor of nine in India and Nepal, and risk factors for progression to disease are still largely unknown, this reduction in cases does not necessarily mean that transmission has also reduced.
Added value of this study
This study shows that the reported declining visceral leishmaniasis case load in Nepal is linked to declining seroprevalence rates. As the duration of seropositivity is unlikely to have changed over the past 10 years, we can safely assume that the incidence of Leishmania donovani infection, and hence the intensity of transmission, has lowered as well since the start of the elimination initiative in 2005. Given the rather robust features of the direct agglutination test as a marker for infection, especially at high titre cutoffs, serosurveillance of selected groups using the test could provide a powerful tool for tracking ongoing transmission. The eventual success of the elimination initiative will depend on such strengthened surveillance in the near future.
Implications of all the available evidence
The available evidence shows that transmission of L donovani infection has reduced over the past decade, coincidentally with the elimination initiative, which probably contributed to this decline. However, there is still an undetected pool of infected individuals present in villages that have not reported any visceral leishmaniasis cases for several years. Continued and adapted surveillance will be necessary.
of any changes in seroprevalence at the cluster level. In addition to the eight repeated clusters, we added four new clusters with different levels of endemicity: two clusters without any visceral leishmaniasis cases reported in the past 20 years (C61 and C62); one cluster that reported visceral leishmaniasis cases up until 5 years ago (C63); and one cluster with ongoing reporting of visceral leishmaniasis cases (C64). All study clusters were located in three visceral leishmaniasis endemic districts in southeast Nepal: Sunsari, Saptari, and Morang (figure 1). Visceral leish maniasis case data from the 3 years preceding the 2006 and 2016 study were collected for each of the clusters from the respective district public health offices; relative reductions in visceral leishmaniasis incidence ranged between 91% (C51) and 100% (C56 and C60). Exact numbers for visceral leishmaniasis incidence can be found in appendix 2 (p 1). We obtained written informed consent from all participants involved in this study. Participants aged between 12 and 16 years were asked for their assent in addition to the written informed consent of their parents or guardian. Ethics approval for this study was obtained from the institutional review board of the University of Antwerp, Belgium, and from the institutional review board at B P Koirala Institute of Health Sciences, Dharan, Nepal.
Procedures
Trained fieldworkers did a door-to-door survey between Oct 17, 2016, and Dec 26, 2016. During a first visit, they sought informed consent from each head of the household and filled out a standard questionnaire on demographic details and visceral-leishmaniasis-related events (eg, previous visceral leishmaniasis or post-kalaazar dermal leishmaniasis history of any of the household members). Each individual was given a unique code; for individuals who had taken part in the Kalanet trial, the same code was reused in the Kalanet revisit survey. Data were recorded on an Android tablet using a customdesigned application developed in the open-source software application Open Data Kit. In a second visit, we invited the consenting households to a centrally located site within the cluster, after which all eligible household members (aged 2 years and older) were asked for their written consent (parents or guardians provided the written consent for those younger than 16 years; children aged 12 years and older were asked for their assent) to undergo venous blood sampling. The 2 mL collected blood was immediately transferred to preprinted Whatman grade 3 filter paper, labelled with a unique barcode that was scanned using the same digital application containing the questionnaire data, thus linking all data from the same individual digitally. Dried filter papers were then placed in plastic bags containing silica gel and transported to the laboratory facilities of the B P Koirala Institute of Health Sciences, where we stored them at -20°C until analysis with DAT.
The primary outcome of interest was prevalent infection with L donovani as measured with DAT (cutoff value ≥1:3200). The laboratory analysis followed the same procedure and was done by the same team as for the Kalanet data in 2006. 7 In the laboratory of the B P Koirala Institute of Health Sciences, DAT was done on the filter paper blood sample using the freeze-dried antigen of fixed, trypsintreated, and stained promastigotes of L donovani obtained from ITM, Antwerp, Belgium, as described by Jacquet and colleagues. 10 Results were expressed in serum dilution titres ranging between 1:400 or greater and 1:51 200 or greater.
Statistical analysis
We defined prevalent infection by L donovani as the main outcome of interest, as measured by a DAT assay with a cutoff value to define seropositivity of 1:3200 or greater as suggested by Harith and colleagues. 11 We compared the age-specific seroprevalence from the baseline crosssectional survey of the Kalanet trial to that of the Kalanet revisit survey for the eight repeated clusters (C51-C53 and C56-C60) taken together. Participants were grouped in age categories using 10-year bands, with a single category for those aged 50 years and older. We also compared cluster-specific seroprevalence from the base line survey to that of the revisit survey, taking all age groups together. Proportions summarised seroprevalence data, and were compared by χ² tests and 95% CIs using Wilson's method. We then fitted a Poisson model to the data to estimate the adjusted risk ratio for seropositivity in 2016 compared with 2006, controlling for cluster, sex, and age group. As part of the secondary analysis, we repeated all the above procedures and tests for different DAT cutoff values ranging from 1:1600 or greater to 1:51 200 or greater; appendix 2 (pp 1-6). Data analysis was done using RStudio version 3.6.1. 
Role of the funding source
The funder of the study had no role in study design, data collection, data analysis, data interpretation, or writing of the report. The corresponding author had full access to all the data in the study and had final responsibility for the decision to submit for publication.
Results
Between In individuals from all age groups and all repeated clusters combined, the overall seroprevalence decreased from 8·4% (455 of 5409) (95% CI 7·7-9·2) in 2006 to 4·7% (200 of 4221; 4·1-5·4) in 2016 (p<0·0001). Results for DAT cutoff values other than 1:3200 or greater are shown in appendix 2 (pp 1-2).
In the 2006 and 2016 data, the seroprevalence was higher in older age groups within a given survey (figure 2). Between 2006 and 2016, the seroprevalence changed from 4·1% (50 of 1209, 95% CI 3·2-5·4) in 2006 to 0·5% (2 of 414, 0·1-1·7) in 2016 in the youngest age group (p<0·0001), from 8·4% (107 of 1281, 7·0-10·0) to 1·7% (19 of 1137, 1·1-2·6) in those aged 10-19 years (p<0·0001), from 7·5% (69 of 915, 6·0-9·4) to 3·9% (30 of 760, 2·8-5·6) in those aged 20-29 years (p=0·0027), from 10·8% (83 of 770, 8·8-13·2) to 5·6% (34 of 609, 4·0-7·7) in those aged 30-39 years (p<0·0008), from 11·6% (66 of 569, 9·2-14·5) to 8·5% (49 of 574, 6·5-11·1) in those aged 40-49 years (p=0·11), and from 12·0% (80 of 665, 9·8-14·7) to 9·1% (66 of 727, 7·2-11·4) in those aged 50 years and older (p=0·088). Exact numbers on seroprevalence per age group for other DAT cutoff values can be found in appendix 2 (pp 1-2). A graphical comparison of the 2006 and 2016 data per age group for all DAT cutoff values is shown in appendix 2 (p 5). Figure 3 graphically represents the seroprevalence per cluster, comparing the 2006 and 2016 data. Seroprevalence in 2016 was lower than in 2006 in all repeated clusters, although not significantly so for all. Between 2006 and 2016 the seroprevalence changed from 8·0% (87 of 1093) to 5·2% (50 of 961) in C51 (p=0·016), from 11·9% (62 of 520) to 4·9% (18 of 367) in C52 (p<0·0005), from 10·4% (69 of 666) to 5·9% (21 of 357) in C53 (p=0·022), from 13·4% (69 of 516) to 6·6% (32 of 482) in C56 (p<0·0006), from 9·3% (83 of 889) to 6·5% (48 of 739) in C57 (p=0·045), from 4·3% (30 of 693) to 2·2% (11 of 500) in C58 (p=0·067), from 5·9% (27 of 459) to 1·3% (5 of 381) in C59 (p=0·0011), and from 4·9% (28 of 573) to 3·5% (15 of 434) in C60 (p=0·34). Importantly, in the new clusters C61 and C62, in which no visceral leishmaniasis has been reported in the past 20 years, sero prevalence was similar to that of the other clusters investigated in 2016 at a DAT cutoff of 1:3200 or greater; however, no titres of 1:12 600 or greater were found in these clusters. Exact numbers on seroprevalence for the different DAT cutoff values can be found in appendix 2 (pp [3] [4] ratio was 0·04 (95% CI 0·01-0·16) in those aged 2-9 years, 0·18 (0·11-0·29) in those aged 10-19 years, 0·43 (0·28-0·67) in those aged 20-29 years, 0·41 (0·27-0·61) in those aged 30-39 years, 0·74 (0·51-1·07) in those aged 40-49 years, and 0·83 (0·60-1·14) in those aged 50 years and older. Exact numbers on age groupspecific risk ratios for the different DAT cutoff values are shown in appendix 2 (p 4).
Discussion
Our study shows that seroprevalence of L donovani infection was significantly lower in communities studied in 2016 than in 2006. Seroprevalence in 2016 was close to zero in children born since the start of the elimination initiative, and was lower in 2016 than in 2006 for all age groups and all repeated clusters, though not significantly for all. Multivariate analysis revealed that the adjusted risk of being seropositive was 56% lower in 2016 than in 2006 and even 96% lower in children younger than 10 years. Overall, the data point to a decrease in trans mission over a 10-year period, coinciding with the start of the kala-azar elimination initiative.
In addition, our study shows that DAT could provide a useful tool for monitoring of L donovani transmission in the peri-elimination phase on the Indian subcontinent. DAT has a semi-quantitative read-out, allowing for several binary cutoff titres to be evaluated depending on the context. The inclusion of two new clusters without any reported visceral leishmaniasis in the past allowed us to establish the specificity of the different DAT cutoffs in a Nepalese setting. An unexpected finding was that we found DAT titres up to 1:6400 in clusters in which no visceral leishmaniasis cases have been reported in the past 20 years, and which were therefore assumed to be non-endemic (C61 and C62). Several possible explanations exist for this finding. Most probable is that these clusters, which are located within endemic districts, but considered non-endemic in the absence of reported visceral leishmaniasis cases, are falsely considered to be non-endemic, meaning that silent transmission might be present, while not leading to any clinical disease due to an epidemiological equilibrium as a result of herd immunity. Alternatively, inhabitants of these clusters might have travelled and could have been infected outside their own village. In addition, DAT is not 100% specific for leishmania infection; cross-reactivity with other pathogens has been described. Cross-reactivity can be pronounced in human African tryp anosomiasis, but can also occur at low levels in malaria and autoimmune disorders. 11, 12 For clinical diagnosis of visceral leishmaniasis, the standard cutoff is usually either 1:1600 or greater or 1:3200 or greater (serum dilution titres), depending on the context. 11, [13] [14] [15] For the detection of asymptomatic infection on the Indian subcontinent, different cutoffs have been used in different studies. 16, 17 Our results suggest that researchers, policy makers, and any others involved in epidemiological studies might consider using a higher, more specific DAT cutoff titre to accurately distinguish between low and zero transmission rates in an elimination setting, although this recommendation should be further evaluated.
Seroprevalence rates in the newly added clusters without visceral leishmaniasis cases in the past 5 years (C63) or 20 years (C61 and C62) were similar to those in clusters with continuous visceral leishmaniasis cases (C64 and repeated clusters). One explanation could be that currently, control activities such as active case finding and indoor residual spraying are being done reactively to new visceral leishmaniasis cases. In the absence of any visceral leishmaniasis cases in a cluster, it is therefore possible that the intensity of the government's response and hence the effect of the elimination initiative in these particular clusters would be less substantial. This theory remains speculative though; without the 2006 baseline data for seroprevalence, we cannot draw any conclusions on the potential evolution of sero prevalence in these newly added clusters.
The main strength of this study was the availability of archived baseline serological data coinciding with the start of the elimination initiative, which allowed us to make a comparison of seroprevalence over a 10-year time period. Another strength was that utmost care was taken to make the 2016 survey procedures as much as possible a replicate of the 2006 ones, optimising the comparability between the two groups.
The main limitation of this study was the lower representation of children younger than 10 years in the sample taken in 2016, although the sample size in this age group remained sufficiently large to allow for robust conclusions based on the fact that the decrease in seroprevalence in this age group was still significant. While in 2006, children aged younger than 10 years constituted 22·4% of all participants, in 2016 their share was only 9·8%. Most probably, this discrepancy was because in 2016 venous sampling was used instead of a fingerprick to collect the blood, with a presumably lower acceptance rate for children. By directly transferring the venous blood to filter paper in the field, we were still able to perform the DAT analysis on whole blood, as had been the case for the samples collected through fingerprick in 2006, thereby optimising comparability between the two results.
In addition, it should be noted that most individuals who are seropositive will lose their antibodies over time and will become seronegative again, although little is known about the exact duration of this seropositive response. With such a large time gap between the two surveys, the 2016 seroprevalence will therefore be an under estimation of the true change in the cumulative incidence of infection compared between two timepoints. Without arguments for a change in the mean duration of infection, however, this underestimation can be assumed to be similar in 2006 and 2016 (prevalence of infection equals incidence of infection multiplied by mean duration of infection), and therefore both seroprevalences are comparable. The current surveillance system in Nepal is facilitybased monitoring of the trend in visceral leishmaniasis cases. This system is highly dependent on disease awareness among inhabitants and medical personnel, which is likely to further decline in the post-elimination phase. With an infection to disease ratio in Nepal of nine to one, 9 monitoring of infection would allow for more dynamic and accurate surveillance of transmission than monitoring of visceral leishmaniasis cases can ever achieve, not in the least because the long incubation period of this disease together with diagnostic and reporting delays will by definition lead to a delayed response if based on disease incidence.
Moreover, the current debate focuses on whether or not visceral leishmaniasis elimination as a public health problem should be followed by a more ambitious target such as elimination of transmission. Our study provides the first insight into the feasibility of this goal. At the same time, we should be careful when interpreting the declining seroprevalence as a direct result of the elimination initiative. All we are sure of is that the transmission rate has lowered over the past decade, coinciding with the elimination initiative in this region. The number of visceral leishmaniasis cases in India has shown to follow roughly 15-year cycles, making it difficult to assess whether the current decline is due to the success of the elimination initiative or to the natural periodicity of disease. 18 Most probably, it is a combination of both. Either way, a decrease in transmission will eventually result in fully susceptible populations again, making them prone to new outbreaks in the postelimination phase. A solid surveillance system allowing for timely control measures will be paramount to prevent a resurgence of visceral leishmaniasis in the Indian subcontinent in the coming decade.
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